M
arfan syndrome (MFS), an inherited autosomal dominant disorder, affects connective tissues in the skeletal, ocular, respiratory, and cardiovascular systems. 1 The most serious complication in patients with MFS is degenerative aortic lesions, including progressive aneurysmal dilatation of the thoracic aorta (TAA), leading to acute aortic dissection and rupture. The most important clinical approach for improving patient survival is surgical repair of the aneurysm once the aorta has enlarged to approximately twice normal size, and pharmaceutical interventions can slow the rate of enlargement of the aneurysms. 2, 3 Features of TAAs in MFS include significant pathological remodeling of extracellular matrix (ECM) in the tunica media and adventitia, smooth muscle cell apoptosis, and decreased arterial distensibility. 1, 4 MFS is caused by mutations in the fibrillin-1 gene (Fbn-1) on chromosome 15, a gene encoding a latent TGF-b binding glycoprotein in microfibrils. 1, 5 In this syndrome, tonic TGF-b signaling is linked to alveolar septation and aneurysmal formation. 1 Through TGF-b signaling cross-talk, enhanced angiotensin II (Ang II) signaling has been implicated in MFS; the AT1 angiotensin receptor blocker losartan normalized TGF-b levels and TGF-b signaling, reduced aortic MMP expression, and prevented aortic dilation in mice with MFS. 6, 7 Recent studies indicate that enhanced IL-6 signaling is associated with aneurysm development. IL-6 is elevated systemically and locally in both patients and animal models of abdominal aortic aneurysmal (AAA) disease. [8] [9] [10] [11] [12] Furthermore, meta-analysis of human studies shows that a nonsynonymous variant (Asp358Ala) of the IL-6 receptor (IL-6R) decreases risk of AAA, suggesting that IL-6 signaling is important in AAA formation. 12 The Asp358Ala variant is associated with increased transcription of the soluble IL-6R and a decreased presence of membrane-bound IL-6R indicating that signaling through the membrane IL-6R may be important for development of AAA. 13 IL-6 is a growth-promoting and monocyteactivating cytokine that signals via activation of Janus kinase (JAK) and tyrosine phosphorylation of signal transducer and activator and transcription 3 (STAT3). 14 Our studies have
shown that local IL-6 signaling plays a central role in Ang IIinduced aortic aneurysms, 11 where its action promotes aortic monocyte recruitment and monocyte-to-macrophage activation via a monocyte chemotactic protein-1 (MCP-1)-based mechanism. [15] [16] [17] These activated macrophages produce proinflammatory cytokines, chemokines, ROS, and matrix metalloproteinases (MMPs) in the vessel wall, further facilitating local inflammation and remodeling. Histological analysis of TAA associated with MFS shows a less profound leukocytic infiltrate than that observed in AAA, although local inflammatory events have been observed. [18] [19] [20] [21] In the hypomorphic fibrillin-1 mutant mouse model (mgR/ mgR), an inflammatory-fibroproliferative response consisting of intimal hyperplasia, monocyte infiltration and smooth muscle deposition has been described, where the enhanced monocyte/macrophage infiltration becomes pronounced at later stages of the disease. 20 Mechanistically, aortas from these mice secrete a GxxPG-containing fibrillin-1 fragment that induces macrophage chemotaxis 22 and MMP expression, creating an amplification loop for further matrix degeneration and product-mediated chemotaxis. 23, 24 Taken together, these findings suggest that inflammation may participate in extracellular matrix degradation associated with fibrillin deficiency-induced TAAs. However, the role of the inflammatory cytokine IL-6 in the pathogenesis of TAAs remains unclear.
In this study, we tested the role of IL-6 in the pathogenesis of TAA in the mgR/mgR homozygous mouse model of MFS. Using novel imaging techniques, we observed not only disruption of elastin fibers in the medial layer but the presence of thinly dispersed collagen sheets in the adventitial layer that was associated with increased MMP. We investigated the presence of local aortic inflammatory events and found that expression and secretion of IL-6 and the chemokine MCP-1 were both significantly increased in the medial layer of mgR/ mgR mice versus their wild-type littermates. Our findings of enhanced medial expression of SOCS3 and formation of phospho-STAT3 indicated that the IL-6 signaling pathway was functionally active. IL-6 deficiency in mgR/mgR mice delayed progression of ascending aorta dilation at late stages and reduced elastolytic events that resulted in better preservation of the elastin and collagen content of the ascending aortic wall but did not affect extent of rupture. Finally, we showed that IL-6 deficiency decreased MMP-9 activity, suggesting a mechanism in which IL-6 regulated TAA development in MFS by modulating MMP expression in the aortic wall. Echosonography mgR/mgR, mgR/+, +/+, and DKO littermates were imaged weekly with noninvasive transthoracic ultrasound echosonographic techniques. Serial ultrasound imaging provided visualization of the progression of vessel dilatation. Mice were sedated with 1% to 3% inhaled isoflurane delivered via nose cone and were positioned supine and imaged using Vevo 770 ultrasound machine for small animals (Visualsonics) equipped with a 707B transducer. Ascending aortas were imaged and diastolic diameter measured by 2 masked investigators in both transverse and longitudinal axis views with B-mode and M-mode. Aortic diameters of wild-type (+/+) and mgR/mgR mutants were first measured in vivo at 12 weeks (wks) of age at the level of ascending aorta, supra-aortic ridge, and sinus of Valsalva. Subsequent measurements were obtained in triplicate at the level of the ascending aorta.
Methods

Computerized Tomography Imaging
A small animal Inveon TM micro-CT scanner (Siemens Preclinical Solutions) was used. Computerized tomography (CT) imaging parameters were set as follows: voltage 80 kV, current 500 lA, exposure time 850 ms per projection, 520 equidistant steps covering 360 degrees of rotation. Isotropic resolution of the reconstructed images was 0.107 mm. Animals were imaged in the prone position while lying on a radiotransparent bed. Anesthesia was required to prevent motion artifacts, and was achieved using isoflurane via a nose cone. Mice were given supplemental oxygen during scanning. Scan time was %15 minutes per mouse.
Aortic Explant and Cytokine Analysis
Following euthanasia and transcardial perfusion with PBS, the entire aorta was dissected and cleaned using stereoscope magnification. Thoracic aorta segments were placed in 0.5 mL DMEM medium containing 91 ITS and 0.1% BSA and incubated in a tissue culture hood at 37°C for 4 hours as described. 11 Ex vivo explant culture medium was frozen at À80°C until assayed for cytokines and chemokines using a multiplex, bead-based ELISA kit (Lincoplex/Millipore mouse cytokine panel) according to the manufacturer's instructions. Cytokine concentrations were determined using recombinant standards.
Immunohistochemistry and Elastin Histological Staining
Formalin-fixed, paraffin-embedded sections from ascending aortas were rehydrated using serial concentrations of ethanol. For histological staining, 5 lm sections were stained with modified Verhoeff Van Gieson elastin stain kit (Sigma-Aldrich) per manufacturer instructions. Light microscopy was performed using 920 lens and quantification of elastin breaks was measured in triplicate by a masked investigator. For immunohistochemistry (IHC), antigen retrieval was performed when necessary with antigen unmasking solution (Vector Laboratories). Paraffin-embedded sections were blocked using 0.1% Triton-X, 5% normal serum of the species producing the secondary antibodies and incubated with rabbit anti-IL-6 (1:600, Abcam), rabbit anti-MCP-1 (1:100, Abcam), rabbit anti-MMP-9 (1:500, Sigma), or rat anti-F4/80 (1:500, Abcam). 7 lm OCT-embedded frozen sections of ascending aortas were blocked and stained with rat anti-macrophage (1:100, MOMA-2; Abcam) or rabbit phospho-STAT3-Tyr705 (D3A7, 1:100, Cell Signaling). For p-STAT3 staining, sections pretreated with phospho-STAT3-Tyr705 blocking peptide (Cell Signaling) were used as negative controls. Biotinylated goat anti-rat or goat anti-rabbit antibodies (Vector Labs) were used as secondary antibodies, followed by staining with ABC and DAB kits (Vector Labs) per manufacturer's instructions. Secondary antibody-only controls were used to determine staining specificity.
Quantitative Real-Time PCR Ascending aortas were freshly isolated and frozen at À80°C for later use. Individual ascending aortas were pulverized in liquid nitrogen inside plastic pouches (Kapak SealPAK), further homogenized on ice in glass Dounce homogenizers and RNA extracted with TriReagent (Sigma-Aldrich) according to the manufacturer's instructions. RNA was quantified by Nanodrop (Thermo Scientific) and samples were included when the 260/ 280 nm ratio was >1.6. Five micrograms RNA was reverse transcribed using Superscript III (Invitrogen) according to manufacturer's instructions. Real-time PCR reactions were performed in triplicate using 1 lL of resulting cDNA per 20 lL reaction volume containing iQ SYBR Green Supermix (Bio-Rad). Primers were purchased from SABioscience for mouse ccl2/ MCP-1 (PPM03151F) and mouse il6 (PPM03015A). Mouse Socs3 primers were synthesized: sense: 5′-CCGCGGGCA CCTTTC-3′; anti-sense: 5′-TTGACGCTCAACGTGAAGAAGT-3′. PCR was performed on the CFX96 system (Bio-Rad) according to preset protocol. Data were normalized to the internal control Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and expressed as fold change calculated by the DDCt method.
Second Harmonic Generation and Multiphoton Autofluorescence Microscopy
The aortic arch of freshly isolated intact aorta was imaged using the nonlinear optical microscopy techniques of multiphoton microscopy and second harmonic generation (SHG) microscopy with contrast based on intrinsic signals from the tissue. 25 These include autofluorescence from elastin and the cytoplasm of cells in multiphoton autofluorescence microscopy (MPAM) and the frequency-doubled SHG signal that arises from fibrillar collagen. 26, 27 Used together, high-resolution images through the aortic adventitia into the media can be obtained for assessment of depth-resolved structure. 28 MPAM/SHG evaluation was done with a customized Zeiss 410 confocal laser scanning inverted microscope modified for multiphoton excitation and detection along nondescanned optics. 29 Briefly, illumination was from a femtosecond titanium sapphire laser (Tsunami, SpectralPhysics) having a 5W frequency-doubled Nd:YVO pump laser, and routed into the scanhead and through the sample objective using optics for ultrafast laser propagation. The system operated with a typical pulse width of 140 fs prior to the objective (4091.2 N.A. water). Excitation for autofluorescence was 780 nm and for SHG was 840 nm. An epi-configuration was used for collection of emitted light and detected using a cooled PMT placed in a nondescanned configuration (R6060, Hamamatsu). Fluorescence emission in the spectral region of 450 to 650 nm was collected for detection of broadband autofluorescence from the aorta. SHG was collected using a 420AE14 nm bandpass filter in the nondescanned detector path. Thus, MPAM and SHG image stacks were taken sequentially. The intact aorta was placed on a 35 mm imaging dish having a #1.5 coverslip bottom (Matek) and immersed in phosphate buffered saline. Image stacks were obtained beginning above the adventitial surface and moving into the aortic wall using a step size of 1 lm to depths >150 lm. The objective provided a field of view of 3209320 lm. Image reconstructions of micrograph stacks were constructed using Metamorph (Molecular Devices). Analysis of features found in the elastin lamellae was performed on Metamorph using the measurement tools to calculate diameter of holes and represented in lm. SHG signal content was quantified by first thresholding SHG images to determine the regions positive for fibrillar collagen. The same thresholding parameters were used for the full stack and between samples. The percent area positive for collagen according to the threshold region was determined relative to the full field. A value per group was obtained by averaging this area between samples of a group.
Gelatin Zymography
Aortic proteins from 12-week wild-type +/+, mgR/+, mgR/ mgR and DKO littermates were extracted as previously described. 30, 31 Protein concentrations were standardized with Bio-Rad protein assay. Equal amounts (25 lg) of aortic proteins were electrophoresed on 10% gelatin zymogram gels (Invitrogen) as previously described. 31 Molecular sizes were determined using protein standards (Invitrogen). Gels were scanned and shown in black and white for densitometry analysis by ImageJ.
Data Analysis
Data are reported as AESEM. Differences between 2 groups were analyzed by Student t test (2-tail, assuming unequal variances), and included comparison of diameter changes in aortic arch, mRNA analysis, cytokine secretion, hole diameter, and percent SHG threshold area. One-way ANOVA was performed when comparing multiple groups, and included assessing change in ascending aortic diameter, elastin breaks per field, and MMP quantification. This was followed by Tukey or Bonferroni post hoc tests to determine individual pair-wise significance. Before application of ANOVA, data sets were determined to be normally distributed (assessed by ShapiroWilk normality test) and passed the equal variance test as determined by Graphpad Prism 6 or SigmaPlot. Kaplan-Meier survival curves for different genotypes were plotted and significance analyzed with Mantel-Cox test. In all cases, P<0.05 was considered significant.
Results
Aortic Imaging
As previously reported, 20 mgR/mgR homozygous Fbn-1 mutants developed spontaneous thoracic aortic aneurysms at 0 to 3 months of age ( Figure 1A ). We performed transthoracic echosonography to evaluate the development and growth of TAAs. Aortic diameters of wild-type (+/+) and mgR/mgR mutants were first measured in vivo at 12 weeks of age at the level of ascending aorta, supra-aortic ridge, and sinus of Valsalva. Differences between +/+ and mgR/mgR littermates were only significant at the level of the ascending aorta ( Figure 1B ), and this aortic segment was used in our subsequent experiments ( Figure 1C ). Using histological staining in mgR mutants, we observed extensive loss of elastin in the media at this age, exhibiting both breaking and thinning of elastin fibers (Figure 2A) . We confirmed the degree of elastolysis by MPAM. In wild-type controls, elastin proteins formed smooth sheets in the aortic media, whereas in the mgR mutants, numerous holes as large as 50 lm were evident, suggesting substantial elastin degeneration ( Figure 2B, top panel) . To study the complete structural components of the ascending aortic wall, we also combined MPAM and SHG microscopy for imaging of ex vivo aortic samples. This approach has been used to detect collagen content in different animal models, 32, 33 and allowed us to assess %150 lm of the aortic wall, starting at the adventitial surface, passing through the adventitia and entering the medial layer. SHG images showed that wild-type mice had dense, curly, and thick collagen fibers, while the mgR mutants maintained relatively straightened, dispersed, and thin collagen fibers ( Figure 2B , middle panel). We interpreted this observation as a dramatic loss of fibrillar collagen in the adventitia of mgR/mgR mice. Moreover, we observed a large number of autofluorescent infiltrating cells in the border between media and adventitia ( Figure 2B , bottom panel), suggesting cellular recruitment into the ascending aortic wall at this age. The cell type could not be identified with these imaging techniques.
IL-6 and MCP-1 are Elevated in mgR/mgR Mice
In order to study the contribution of IL-6 signaling in the development of TAA in this mouse model of MFS, we evaluated the expression and secretion of cytokines in the ascending aorta. We observed a significant 2.4-fold increase in IL-6 mRNA expression (P<0.05), as well as an increase in the IL-6 downstream target, suppressor of cytokine signaling 3 (SOCS3, P<0.01), suggesting the IL-6 signaling pathway was functionally active in mgR/mgR mice ( Figure 3A) . Additionally, MCP-1 mRNA expression also was elevated in mgR/mgR mice. MCP-1 is a chemotactic cytokine whose expression is controlled by an IL-6 amplification loop 11 ( Figure 3A , P<0.05). Using an established aortic explant culture system, 11 we confirmed that secretion of IL-6, MCP-1, and granulocyte-macrophage colony-stimulating factor (GM-CSF) was enhanced by 2-to 3-fold in the mutant ascending aortas versus wild-type aortas ( Figure 3B , P<0.05). IHC staining of ascending aortic sections showed that IL-6 and MCP-1 expression was mainly localized in the aortic media ( Figure 3C ). Further, consistent with cytokine and chemokine activation, MOMA-2 immunostaining showed increased presence of macrophages at the media-adventitia littermates were identified by genotyping and used for echosonography imaging of the thoracic aorta (TAA) at the levels of the ascending aorta (Asc Ao), the supra-aortic ridge (Supra Ao Ridge) and the sinus of Valsalva. A, Representative anatomical images of aortas from a 12-week-old wild-type mouse and a mgR/mgR mouse with TAA formation. Ao Arch, aortic arch; Asc Ao, ascending aorta; unalabeled arrow, TAA in ascending aorta. Scale bar is 5 mm. B, Diameters of thoracic aortas in mgR/mgR (n=9) and wild-type (++) littermates (n=8) were measured in vivo at the level of ascending aorta, supra-aortic ridge and the sinus of Valsalva. *P<0.05. C, Representative echosonography images of the aortic arch in age-matched wild-type +/+ and mgR/mgR littermates. Left panel: Echo transducer was placed longitudinally to acquire images at different levels of aortic arch. Right panel: transverse images of ascending aorta.
border in mgR/mgR mutants ( Figure 3C ). Taken together, our observations confirm the presence of functional IL-6-signaling pathway and monocyte recruitment in the mgR mouse model.
IL-6 Deficiency in mgR/mgR Mice Decreases Progressive Dilatation of Ascending Aorta Without Affecting Survival
In order to identify the role of IL-6 signaling in the formation and progression of aneurysmal dilatation, we bred mgR/mgR mice with IL-6-null mice to generate Fbn1 mgR/mgR •IL-6 À/À double mutant mouse line (DKO). We first examined the activation of IL-6 signaling in the aortic tissues. With IHC staining of phospho-STAT3-Y705, an IL-6 downstream signaling molecule, we confirmed the inactivation of STAT3 phosphorylation in the DKO mice induced by IL-6 (Figure 4A ), indicating that phospho-STAT3 is driven predominately by IL-6 and not other members of the IL-6 superfamily of cytokines. We followed the progression of aortic dilation weekly using in vivo ultrasound imaging ( Figure 4B) . In a manner similar to that of mgR/mgR mutants, DKO mice developed spontaneous TAAs at 1 to 3 months of age but the enlargement of these aneurysms was significantly less from 14 weeks of age onward (P<0.05, Figure 4D ). DKOs exhibited a similar rate of aneurysmal dilation at earlier stage of life (eg, 5 to 12 weeks). To our surprise, DKO mice did not show improved survival, with median survival of 14 weeks in DKO mice and 11.5 weeks in mgR/mgR mutants ( Figure 4C ). These findings indicate that IL-6 deficiency significantly decreased aortic dilatation but had no effect on aortic rupture.
Figure 2. Aortic elastin and collagen abnormalities in mgR homozygous mutants. Aortas from age-matched wild-type (n=6) and mgR/mgR (n=6)
littermates were examined for ECM components. A, Histological staining of elastin (shown in purple), collagen (shown in pink) and SMCs (shown in yellow) in sections of ascending aorta. Arrow: breaks in elastin fibers. Scale bar is 100 lm. B, SHG and MPAM images of wild-type (n=4) and age-matched aneurysmal mgR/mgR mice (n=6). Top panel: Elastin sheets form a smooth, curving layer in aortic media in +/+ and holes were formed in elastin layers in mgR/mgR mice. Middle panel: Collagen fibers were arranged in dense, curving structures in the aortic adventitia in wild-type +/+ mice, but were widely dispersed in the adventitia and adventitia-media border of mgR/mgR mice. Bottom panel: Combined images of collagen and elastin at the adventitia-media border. Collagen is shown in green and elastin is shown in red. Arrows: holes formed in elastin layers. Cell infiltration is also pronounced at the adventitia-media border (autofluorescent red dots). Representative images are shown. Images were shown in 3209320 lm. ECM indicates extracellular matrix; MPAM, multiphoton autofluorescence microscopy; SHG, second harmonic generation; SMC, smooth muscle cell. 
IL-6 Deficiency Causes Less ECM Degeneration in mgR/mgR Mice
We examined ECM components in the aortic wall to investigate potential IL-6-mediated effects that might impact vessel wall dilation. Using histological staining, we observed significantly fewer elastin fiber breaks in the DKO mice relative to mgR/mgR homozygous mice ( Figure 5A , P<0.05).
To evaluate structural elements of the aortic wall more accurately, we performed 3-dimensional imaging of ex vivo ascending aortas using MPAM and SHG microscopy. These techniques allowed us to reconstruct the vessel wall to a depth of %150 lm starting at the adventitial surface in a 3209320 lm field of view ( Figure 5B ). In contrast to the large hole-like elastin structures in mgR/mgR mice, the DKO mice developed only small gaps in the elastin sheets (Top panel, Figure 5C ) that were considerably smaller in the DKO mice ( Figure 5D , P<0.001). Additionally, there was improved preservation of collagen fibers in the adventitia as indicated by SHG ( Figure 5C , middle panel; 5D, P<0.0001), and there were fewer autofluorescent infiltrating cells in the border between media and adventitia ( Figure 5C , bottom panel).
MMP-9 Activity is Reduced in mgR/mgR Mice With IL-6 Deficiency
We evaluated activities of MMP-2 and MMP-9 in aortic extracts to test for improved ECM preservation in the DKO mice. Gelatin zymography using ascending aortic extracts from different genotypes showed significantly higher activities of both MMP-2 and MMP-9 in mgR/mgR mice versus wildtype (++) mice (P<0.05 and P<0.001 for MMP-2 and MMP-9, À/À double knockout (DKO) mice. A, IHC staining of phospho-STAT3-Y705. Positive staining was shown in grey. Aortic sections treated with p-STAT3 blocking peptide were shown on the left as negative control. n=6 mice in mgR/mgR and n=4 mice in DKO group. Scale bar is 100 lm. B, Representative images of echosonography of age-matched wild-type, mgR homozygotes, and DKO mice. C, Survival curves of mgR/mgR (n=21) and DKO (n=17) mice. D, Diameters of ascending aorta were measured weekly in vivo by transthoracic echosonography from week 5 to week 18 in wild-type (+/+), mgR/mgR and DKO mice. Change in diameter was determined with week 5 measurements taken as the baseline, which was subtracted from the final measurement recorded during week 18. The difference, or the change in diameter, was then assessed for significance using ANOVA. n=10 in each group. *P<0.005 vs wild-type, # P<0.05 vs mgR/mgR. ANOVA indicates analysis of variance; IHC, immunohistochemistry; IL, interleukin; p-STAT3, phosphorylation of signal transducer and activator and transcription 3. Figure 5 . ECM degeneration in mgR/mgR and DKO mice. A, Elastin staining of ascending aortic sections of wild-type (n=6), mgR/mgR (n=5), and DKO mice (n=6). Scale bar is 100 lm. Bottom panel: number of breaks in elastin fibers was quantified. *P<0.003 vs ++; **P<0.05 vs mgR/ mgR. B, Schematic diagram of SHG/MPAM microscopy of ascending aortic samples. C, SHG and MPAM microscopic images of mgR/mgR (n=6) and age-matched DKO (n=4) mice. Top panel: Elastin content was shown by MPAM at the wavelength of 770 lm. Round and large hole formation is evident in mgR/mgR. In DKOs, small gaps were found in elastin sheets. Arrows: Degeneration tears and holes in elastin sheets. Middle panel: Collagen fibers. Bottom panel: Combined images of collagen and elastin at the adventitia-media border. Collagen was shown in green and elastin was shown in red. Arrow: Cell infiltration was more pronounced at the adventitia-media border in mgR/mgR mice. Representative images are shown for each group. Images were taken in 3209320 lm. D, Sizes of holes and gaps in elastin sheets, indicators of elastin degradation, were analyzed and quantified using MetaMorph Premier S software. Hole diameter is represented as a box plot with the middle horizontal line representing the mean value, and the upper and lower lines representing the maximum and minimum for each group, respectively. n=100 in mgR/ mgR and 133 in DKO group. Collagen content in aortic samples was measured as percentage of SHG signals. Triangles represent individual samples and circles represent the mean of each group. ***P<0.001; **P<0.0001 by unpaired t test. DKO indicates double knockout; ECM, extracellular matrix; MPAM, multiphoton autofluorescence microscopy; SHG, second harmonic generation. respectively). Interestingly, there was a higher activity of MMP-9, but not MMP-2, in mgR/+ relative to wild-type littermates ( Figure 6B , P<0.02), a phenomenon not associated with an increase in vessel rupture in this group. IL-6 deficiency in mgR homozygous mice significantly decreased MMP-9 activity but did not significantly affect MMP-2 activity. To determine the location of MMP-9, we performed IHC analysis on ascending aortic sections of wild-type, mgR/mgR, and DKO mice. We found increased immunostaining of MMP-9 in the adventitia and media of mgR and DKO aortas, sites of significant collagen and elastin degeneration, respectively ( Figure 5C ). Also, there was a significant increase in F4/80+ macrophages in mgR/mgR and DKO aortas compared to wildtype, but no difference could be discerned between mgR homozygous and DKO aortas. Since IL-6 signaling is known to affect bone resorption, we also analyzed the skeletal structures of mgR/mgR and DKO mice via CT imaging ( Figure 6D ).
We found kyophoscoliosis in mgR/mgR mice, as reported previously, 20 but found no apparent difference between mgR/ mgR and DKO mice in the small sample we assessed.
Discussion
Acute aortic dissections are the major cause of premature deaths in patients with MFS. One of the goals for developing treatments for MFS is to delay ascending aortic aneurysm formation and prevent aortic dissections. In this study, we demonstrated activation of IL-6-mediated inflammatory signaling in the medial layer of the ascending aorta, the site of greatest vessel dilation and aneurysm formation in this homozygous mgR/mgR mouse model of MFS. We confirmed recruitment of macrophages and increased activities of MMP-2 and MMP-9 that contribute to increased elastin and collagen degradation in this animal model. Furthermore, IL-6 deficiency in this model improved aortic pathology by partially preserving ECM structure, reducing MMP-9 expression, and decreasing progression of aortic dilation at later stages. Despite these beneficial effects of IL-6 deficiency, DKO mice did not have significantly improved survival versus the hypomorphic mgR/mgR homozygous mice, suggesting that the IL-6-MMP-9 pathway is a contributor to aneurysm formation, but is only one of many pathways involved in the disease progression. Therefore, inhibition of multiple signaling pathways may be necessary to prevent aortic rupture and enhance survival in this mouse model of MFS.
Recent studies have identified an inflammatory component in the etiology of TAA. 34 In TAA patients undergoing surgical repair, enhanced expression of cytokines, such as IL-6 and interferon-c (IFN-c), are found in aortic tissues. These events are spatially correlated with increased monocyte/macrophage accumulation and enhanced MMP production.
11
Enhanced Ang II signaling, a potent inducer of cytokines and chemokines, has been linked to MFS. 6, 7 In the aorta, Ang II activates NF-jB to regulate various inflammatory molecules including proinflammatory cytokines (eg, interleukins), chemokines (MCP-1, GM-CSF), adhesion molecules (E-selectin, ICAM-1, VCAM-1), and ECM-degrading MMPs. A major target of Ang II is to activate IL-6 expression by VSMCs, fibroblasts and recruited monocytes. 35 In the vessel, IL-6 promotes ROS production and macrophage recruitment and differentiation, partially through induction of MCP-1. 11, 15 We observed both induction of IL-6 and MCP-1, and increased macrophage infiltration in the aorta of mgR/mgR mice. Homozygous mgR mice spontaneously die of dissecting TAAs that exhibit leukocytic infiltration at advanced stages of disease progression. 20 Infiltrating leukocytes may accelerate pathogenesis by producing MMPs that are capable of degrading the important structural components of the aortic wall, including elastin and collagen. Matrix degenerated products, in turn, may be able to induce macrophage chemotaxis, 22, 36 amplifying local inflammatory cascades.
Furthermore, in patients with MFS, matrix-degrading MMPs are elevated in aortic tissue and are associated with destruction of matrix structural macromolecules such as elastin and collagen. 20, 37, 38 Of numerous MMPs, MMP-2 and MMP-9 expression correlates with the stage of aneurysmal dilation. 39 They are capable of degrading elastin and collagen in the aortic wall, but are also able to catalyze activation of TGF-b, further contributing to the disease pathogenesis.
40,41
Since we observed a decrease in aortic dilation in mgR/mgR mice that were deficient in IL-6, we further examined whether this beneficial effect was due to a decrease in activities of MMP-2 and -9. Our results indicate that IL-6 deficiency decreases only MMP-9 activity and that MMP-9 localizes to both the adventitial and medial layers of mgR homozygous and DKO aortas. Since the amount of MMP-9 based on immunohistochemistry increases similarly in both mgR/mgR and DKO aortas, these findings suggest that IL-6 plays a pivotal role in the activation of MMP-9. In addition, localization of MMP-9 to the adventitial and medial layer suggests that MMP-9 contributes to both the collagen and elastin fiber degradation that was observed by SHG/MPAM microscopy. Since macrophages localized mostly to the adventitia, MMP-9 is likely being produced by VSMCs in the media and by macrophages in the adventitia. Similar observations have been made in a bone resorption study 42 and in cancer 43 where IL-6 signaling was found to regulate mRNA expression and biological activities of MMP-2 and -9 through the soluble IL-6 receptor. It remains unclear why IL-6 deficiency did not affect MMP-2 activity in DKO aortas. MMP-2 is produced by medial VSMCs and adventitial fibroblasts, 44 and its level is significantly elevated in TAA in MFS. 20, 45 MMP-2 is capable of catalyzing the release of TGF-b from the latency-associated peptide (LAP) causing activation of TGF-b. Excess TGF-b signaling is detrimental for the aortic wall in MFS because neutralization of TGF-b prevents medial hypertrophy and elastin fragmentation. Since MMP-2 activity in DKO mice is similar to mgR/mgR, it is conceivable that dysregulated TGF-b signaling remains unhindered in the DKO mice, offering another explanation for the lack of any benefit in survival.
Loss of IL-6 had only a minor impact on the significantly increased macrophage influx observed in the hypomorphic mgR/mgR mice despite the beneficial effect on MMP activity. This finding is not surprising because IL-6 is not a chemotactic cytokine, and suggests that other chemotactic factors, such as GxxPG-fragment of fibrillin-1 may contribute to monocyte recruitment. We note that similar levels of F480+ macrophage accumulation were observed between mgR/mgR and DKO mice. In spite of this finding, it is interesting that loss of IL-6 does affect the accumulated macrophages by significantly decreasing their MMP-9 activation.
Our SHG/MPAM observations of the appearance of holes in the elastin sheets and disruption of the collagen fibers are consistent with the increased MMP activity shown in Figure 6 . The observation that the DKO mice had a significant reduction in the number of elastin breaks (quantification of Figure 5A ), but that the total number of breaks remained elevated above wild-type control mice suggests that additional mechanisms in addition to IL-6 contribute to the structural degeneration of the aortic wall in the mgR/mgR mice. This conclusion is consistent with the MMP activity shown in Figure 6 , in which IL-6 knockout in the mgR/mgR mice resulted in significant decline in MMP-9 activity, but both MMP-2 and MMP-9 remained significantly above the level observed in wild-type mice. These findings suggest multiple pathophysiological mechanisms, in addition to IL-6, are responsible for the aneurysm formation and morbidity in this animal model. For example, inhibition of AT1R with losartan and inhibition of MMPs with doxycyline confer protection from aortic dilation and early death in mgR/mgR mice. This beneficial effect is additive when treating with losartan plus doxycycline, 46 suggesting that angiotensin II signaling, activation of downstream TGF-b pathway, and activation of MMPs are the main drivers of TAAD in Marfan syndrome. Furthermore, our data suggest that although IL-6 is involved in pathological remodeling of the vessel wall, it may not be a critical component of vascular signaling in Marfan syndrome. Our finding also raises the possibility that inhibiting aortic dilation after an undefined threshold has been crossed may not confer protection from dissection and rupture. This finding has broader implications clinically and implies that prevention of aortic dilation is imperative in early stages of aneurysm formation.
In summary, our data suggest that in late stage of TAA in the mgR/mgR homozygous mice, increased IL-6 production contributes significantly to the aortic ECM degeneration and increased activity of MMP-9, thus contributing to aneurysmal dilation of the ascending aorta. IL-6 deficiency delayed dilation of the ascending aorta, but did not prevent rupture and did not increase survival, suggesting the involvement of other important contributors to the earlier stages of disease progression.
